Introduction
============

One of the primary goals of life history theory is to explain the variation in age and size of organisms at ontogenetic niche transitions (hatching, metamorphosis, maturation), and how potential trade-offs may constrain its plasticity and evolution ([@b62]; [@b51]; [@b22]). For instance, when the developmental time is constrained-for example in amphibian tadpoles developing in desiccating ponds ([@b33]) or insect larvae during shortening day lengths ([@b25])-optimality models predict that organisms should accelerate their development while increasing growth rates, to minimize juvenile mortality and the costs of decreased size at the life-history transition ([@b1]; [@b53]). However, a faster development may result in fitness costs at other levels, such as decreased survival during adulthood ([@b3]; [@b36]; [@b52]), hence the adaptive value of this response will depend on the balance between its benefits and costs during larval development and the subsequent stages. It remains consequently unclear how species or populations subject to different selection intensities for accelerated development eventually respond to selection, and how they can minimize the impact of increased developmental rates on overall fitness.

Larval amphibians occupy aquatic environments along a wide permanency gradient ([@b63]; [@b43]; [@b4]), and they are an ideal system for examining the evolution of developmental strategies in response to environmental variability. It is often assumed that species breeding in streams and permanent ponds, which are subjected to low desiccation risk, have longer developmental times than those breeding in temporary and ephemeral ponds ([@b13]; [@b57]). If tadpoles must develop faster to minimize desiccation risk, either as an evolutionary response or by means of developmental plasticity, three different scenarios can emerge ([Fig. 1](#fig01){ref-type="fig"}). First, developmental period can be modulated by increasing or decreasing body mass at metamorphosis without requiring any change in average growth rate (this scenario is shown in [Fig. 1a](#fig01){ref-type="fig"}). Second, tadpoles can grow faster to compensate for the acceleration in development, thus maximizing size at metamorphosis. Such a pattern would suggest that size at metamorphosis has a large effect on fitness and that growth rates are modulated as a correlated response. Third, developmental rates may increase at the expense of growth, and in this scenario tadpoles may speed up metamorphosis at the cost of being smaller at this stage. This would support a trade-off between growth and development, which possibly stems from a limited resource budget that must eventually sustain either cell growth/division or cell differentiation (see [@b50]).

![Studying the relationship between developmental rates ( = 1/developmental period), mean growth rates, and body mass at metamorphosis. Compared to the developmental trajectory under nonstressful conditions (i.e., no desiccation) represented by the 1:1 line, accelerating development would result in the following scenarios: (a) if developmental rates and mean growth rates are uncoupled, for example, growth rates may be constant to differing rates of development and thus a decrease in developmental period due to pond drying would be accompanied by a similar reduction in size at metamorphosis; (b) if a minimum viable body size is required to enter metamorphosis or for survival as an adult, mean growth rates should increase to compensate for the accelerated development; and (c) developmental rates would increase at the expense of growth if there is a trade-off between these separate processes. Note that this simplified scheme depicts a linear growth trajectory for illustrative purposes because we work with average growth rates throughout the study, real growth trajectories in anuran tadpoles are by no means linear (see [Fig. S1](#SD1){ref-type="supplementary-material"}).](ece30001-0015-f1){#fig01}

Environmental variability adds another level of complexity because different strategies may be favored depending on the conditions encountered during development. Smaller temporal ponds are expected to appear and disappear within a relatively short period of time, subjecting those species breeding in these habitats to a higher risk of desiccation. Evolutionary responses to increased desiccation risk may involve an overall shift toward faster development, the evolution of plasticity triggered only when ponds are drying ([@b13]), or both. Intuitively, one would expect that species from more temporary ponds should show an increased plasticity, everything else being equal, because these ponds are intrinsically more variable ([@b33]; [@b15]; [@b57]). Conversely, the opposite pattern should be expected if these species are developing at rates near their maximum physiological capacities ([@b34]; [@b36]). It is therefore not surprising that empirical studies testing for differences in developmental rates and plasticity between and within species facing contrasting desiccation risks are not conclusive, and have resulted in discordant patterns both at the interspecific and intraspecific level ([@b7]; [@b27]; [@b30]; [@b44]; [@b28]). Disentangling between these two alternatives involve assessing concomitantly (1) whether average developmental rates differ across species facing contrasting risks of desiccation and (2) if these species also exhibit contrasting levels of plasticity in developmental rates around these mean values.

In the present study, we determined whether amphibian anuran species facing higher risks of desiccation have evolved faster developmental rates and increased plasticity than species living in more stable pond environments. We tested these hypotheses with a comparative approach and a large dataset that includes several anuran species belonging to distinct taxonomic groups. Importantly, several comparative studies have shown that evolutionary inferences may change when phylogenetic relations among species are taken into account (e.g., see [@b21] for a recent case study in anurans). We specifically examine the following questions: (1) Do developmental rates, mean growth rates, and mass at metamorphosis differ between species breeding in ponds with different risk of desiccation? Subsequently, we determined if plastic responses showed significant interspecific differences, asking: (2) Is plasticity in developmental rates, mean growth rates, and mass at metamorphosis greater in species with increased risk of desiccation? (3) Are plastic responses in developmental rates and mean growth rates correlated, and do these correlations differ as a function of desiccation risk? Finally, we assess if evolutionary shifts in developmental rates have altered the magnitude and direction of plastic responses across species: (4) Is the variation in mean developmental rates, mean growth rates, and body mass at metamorphosis observed under constant conditions correlated with plasticity in these variables?

Material and Methods
====================

Data collection
---------------

The literature search was performed in several electronic databases (ISI Web of Science, BasicBIOSIS, BioOne, Biological Abstract, ScienceDirect, Scopus and Scirus), employing the key words "pond desiccation,""hydroperiod,""metamorphosis,""life history," and "larval period," and the references of all papers obtained with this search were subsequently reviewed. Data from individual studies were included only if they met the following criteria. First, the study experimentally manipulated water level or water permanency directly by comparing developmental time and size at metamorphosis in constant water-level treatment versus desiccation treatment in the laboratory or mesocosm, or indirectly by comparing permanent versus temporary ponds in the field. When more than one level was available, the extremes were selected to maximize the difference in desiccation risk between treatments. Second, we excluded studies that combined pond drying effects with another variable to avoid confounding effects (in factorial experiments, we compared the control against the treatment where only the drying regime was manipulated). Third, studies that utilized snout vent length as an estimate of metamorphic size were not included, but we did include data from one study that reported body volume ([@b2]) because this measurement is highly correlated with body mass and can be readily transformed to mass units assuming that density ≈ 1 g/mL. Results from single studies including multiple species or populations were included as independent samples.

We assembled a database comprising 62 independent cases, encompassing a total of 30 species, including the hybrids between *Rana sphenocephala* and *Rana blairi* and the hybrid of *Pelophylax lessonae* and *Pelophylax ridibunda* (*Pelophylax esculenta*), that were considered as 'ecological' species (see Data analysis below), from 25 studies in the literature, published between 1989 and 2006, and three unpublished datasets (Table S1). Developmental rates were calculated as 1/developmental period and mean growth rates as body mass/developmental period. This later estimate of mean growth rate was employed for simplicity as a general descriptor of growth rates (see [@b1], pp. 383), because growth trajectories in anurans can be considerably complex ([@b23]) (see [Fig. S1](#SD1){ref-type="supplementary-material"}). It must be emphasized that, even though this estimate may be adequate for comparative purposes because it takes into consideration the final outcome of the tadpole\'s ontogeny (i.e., mass at metamorphosis), it has very little to say about the real shape of the developmental curve during this period. All subsequent statistical analyses have been performed employing developmental rates, though we often discuss results in the context of developmental periods because it is more intuitive (e.g., *Pelodytes ibericus* takes 106 days to reach metamorphic climax which corresponds to a developmental rate of 0.0094 days^−1^, see [Table S1](#SD1){ref-type="supplementary-material"}).

We operationally assigned species into two categories, according to the typical habitat they employed for breeding, to analyze the evolutionary consequences of developing under contrasting variation of desiccation risks: (1) *High risk*. Species exposed to a high risk of larval mortality by pond desiccation, including ephemeral and temporary ponds that hold water for only a few weeks or months and dry each year, occasionally with several dryings and refills per season. (2) *Low risk*. Species exposed to a lower risk of pond desiccation, basically permanent ponds holding water year-round in most years with rare events of desiccation. Desiccation risk varies more within and between years in ephemeral and temporary ponds than in permanent ponds ([@b44]). In most cases, we employed the habitat description provided in the papers to assign species/populations into these categories. When this information was not available, we obtained species breeding habitat from AmphibiaWeb database (<http://amphibiaweb.org/>) or Global Amphibians Assessments Project database (<http://www.globalamphibians.org/>) and [@b26]. We also collected information on the experimental venue employed in each study (i.e., laboratory, mesocosm or field conditions).

Data analysis
-------------

Analyses were performed employing phylogentic generalized linear models (see [@b19] for a review), with the *ape* package available in R (<http://cran.r-project.org/>). Because we did not detect any significant effects of different experimental venues in preliminary analyses, values obtained from laboratory, mesocosm, and field experiment were combined in subsequent analyses. Comparisons of developmental strategies between *High* and *Low risk* species were performed employing values measured under constant water-level conditions, because this minimizes the potentially confounding effects of plasticity. We compared developmental rates, mean growth, and body mass with a linear model including desiccation risk as a categorical factor (*High risk* vs. *Low risk*). In these analyses, all variables were log~10~-transformed to meet the assumption of normality. A similar model including developmental time as a covariable was subsequently employed to compare mean growth rates and body mass at metamorphosis controlling for differences in developmental time.

To estimate and compare plastic responses across species, we first accounted for interspecific differences in developmental rates, mean growth rates, and body mass by setting these variables measured under constant conditions to 100%. Subsequently, we expressed estimates obtained in drying conditions as a fraction of this total, and plasticity was estimated as the proportional difference between mean traits under constant and drying conditions (e.g., plasticity in body mass was calculated as 100 × (*mass~d~*−*mass~c~*)/*mass~c~* where *c* and *d* correspond to constant and drying conditions, respectively). To ensure that none of the analyses were affected by variability within treatments, we also estimated plasticity as standardized effect sizes (Hedges\' *d* provided by meta-analysis performed with Metawin 2.1, [@b46]), which was highly correlated with plasticity expressed as percentages ([Fig. S2](#SD1){ref-type="supplementary-material"}). Results remained qualitatively similar (analyses not shown), therefore we only report results with plasticity estimated as percent changes because their interpretation is more intuitive. Comparisons of developmental plasticity were performed with generalized linear models, as explained above, including desiccation risk as a categorical factor. In addition, we ran different linear models with log~10~-transformed mean traits obtained in constant conditions as the independent variable and plasticity estimates as the dependent variable, to analyze how plasticity varied as a function of mean developmental and mean growth rates and body mass at metamorphosis.

To conduct the phylogenetic analyses, a phylogeny at the family level was constructed following [@b17]. Importantly, the topology of this backbone phylogeny was congruent with more recent studies based on DNA sequences ([@b45]; [@b60]). Subsequently, we combined this information with additional detailed within-family phylogenetic assessments for the following families: Scaphiopodidae, Pelobatidae, and Pelodytidae ([@b18]), Myobatrachidae ([@b47]; [@b41]), Hylidae ([@b16]; [@b59]), Bufonidae ([@b38]), and Ranidae ([@b56]; [@b24]; [@b48]). Multiple measurements per species were included as soft polytomies at the tips of the phylogeny, and hybrids were included in a soft polytomy with their respective parental species ([Fig. S3](#SD1){ref-type="supplementary-material"}). To avoid inflated type I error due to these polytomies (25 in total), we opted for a conservative approach and subtracted one degree of freedom for each unresolved node during hypothesis testing ([@b40]; [@b20]).

We tested if phylogenetic signal-that is, the tendency for related species to resemble each other ([@b5])-was present for different traits as follows. We ran generalized linear models employing both a star phylogeny (which corresponds to conventional statistical analyses, see [@b19]) and arbitrary branch lengths according to [@b37], and subsequently determined how well the conventional and the phylogenetic model fitted the phenotypic data employing the Akaike information coefficients (*AIC*) ([@b9]). The *AIC* criterion is currently a standard tool in model selection, which allows for comparing the goodness of fit of different models while penalizing for increasing the number of estimated parameters (the model with the lowest *AIC* value is considered the best model; [@b11]). We also computed Akaike weights (*AIC~w~*) to estimate the relative weight of the evidence in favor of each model ([@b54]), which can be loosely interpreted as the probability of each model being correct given all the models that were tested. These analyses indicate if signal is present in the analyzed dataset and, consequently, which model is more reliable for evolutionary inferences.

Results
=======

Evolutionary differences in development
---------------------------------------

Do developmental rates, mean growth rates, and mass at metamorphosis differ between species breeding in ponds with different risk of desiccation? Comparisons between *AIC* and *AIC~w~* show that phylogenetic models comparing developmental rates, mean growth rates, and body mass at metamorphosis had a substantially better fit than conventional analyses ([Table 1](#tbl1){ref-type="table"}). This suggests that these traits exhibit high phylogenetic signal (see [Fig. 2](#fig02){ref-type="fig"}) and those results from phylogenetic analyses are more reliable. Comparisons controlling for phylogeny indicate that species breeding in ponds with increased desiccation risk have evolved significantly higher developmental rates than their counterparts from more permanent ponds ([Table 1](#tbl1){ref-type="table"} and [Fig. 3](#fig03){ref-type="fig"}). This difference seems to be primarily associated with a significantly lower body mass at metamorphosis in species with high risk of desiccation, while no statistical differences in mean growth rates were detected between groups ([Table 1](#tbl1){ref-type="table"}). Accordingly, when we control for differences in developmental rates, species from the *High risk* group exhibit significantly lower body mass at metamorphosis and mean growth rates (*P* \< 0.01 in both cases), supporting the prediction that these species accelerate their development at the expense of growth ([Fig. 1c](#fig01){ref-type="fig"}).

###### 

Evolutionary differences in developmental rates, mean growth rates, and body mass at metamorphosis between species breeding in ponds with *High risk* and *Low risk* of desiccation, measured under constant water-level conditions. Note that 25 degrees of freedom have been subtracted in phylogenetic analyses to account for the soft polytomies (see Methods). Models with the best fit are highlighted in bold

  Dependent[1](#tf1-1){ref-type="table-fn"}   Model              Desiccation risk               AIC         AIC~w~[2](#tf1-2){ref-type="table-fn"}
  ------------------------------------------- ------------------ ------------------------------ ----------- ----------------------------------------
  Developmental rates                         Conventional       t~60~ = −1.65, P = 0.104       10.37       0.001
                                              **Phylogenetic**   **t~35~ = −2.91, P = 0.006**   **−3.25**   **0.999**
  Mean growth rates                           Conventional       t~60~ = 0.047, P = 0.96        114.2       0.00
                                              **Phylogenetic**   **t~35~ = 1.13, P = 0.266**    **54.7**    **1.00**
  Mass at metamorphosis                       Conventional       t~60~ = 0.72, P = 0.474        117.7       0.00
                                              **Phylogenetic**   **t~35~ = 3.39, P = 0.002**    **37.0**    **1.00**

Results from general linear models employing log~10~-transformed values (see boxplots [Fig. 3](#fig03){ref-type="fig"}).

One conventional model and one phylogenetic model were analyzed per dependent variable, hence pairwise *AIC~w~* should add up to one.

![Phylogenetic hypothesis employed in this study, including species/populations developmental times, body mass at metamorphosis, and mean growth rates under constant water level conditions. Species and population identification (see [Table S1 and Fig. S3](#SD1){ref-type="supplementary-material"}).](ece30001-0015-f2){#fig02}

![Developmental differences between species breeding in ephemeral (*High risk* in white) and permanent ponds (*Low risk* in gray), where lines schematically show a linear developmental trajectory with a slope corresponding to the average growth rate (see model outlined in [Fig. 1](#fig01){ref-type="fig"} and [Fig. S1](#SD1){ref-type="supplementary-material"}). Boxplots depict the median, the 25% and 75% CI (box), 5% and 95% CI (error bars), and outliers for developmental period ( = 1/developmental rate), body mass at metamorphosis and mean growth rates obtained under constant water level conditions. Phylogenetic models always resulted in the best fit according to AIC values, and show that developmental rates and body mass at metamorphosis, but not mean growth rates, differ significantly between *High risk* and *Low risk* ([Table 1](#tbl1){ref-type="table"}).](ece30001-0015-f3){#fig03}

Phenotypic plasticity
---------------------

Here we test if plasticity in developmental rates, mean growth rates, and mass at metamorphosis are greater in species with increased risk of desiccation. Comparisons between *AIC* values suggest that phylogenetic models provide a better fit to plastic responses for developmental rates and body mass at metamorphosis, whereas conventional analyses are more reliable for mean growth rates ([Table S2](#SD1){ref-type="supplementary-material"}). Results of conventional and phylogenetic models are qualitatively similar, however, and suggest that plasticity in developmental rates, mean growth rates, and body mass at metamorphosis are similar between *High* and *Low risk* breeders (*P* \> 0.170 in all analyses, see [Table S2](#SD1){ref-type="supplementary-material"}).

However, species breeding in ephemeral and permanent ponds apparently respond differently to drying conditions: the reduction in developmental time in species from *High risk* was accompanied by a decrease in body mass at metamorphosis ([Fig. 4b](#fig04){ref-type="fig"}), whereas the largest reductions in development time in *Low risk* species were observed in species that increased mean growth rates ([Fig. 4c](#fig04){ref-type="fig"}). This suggests that a trade-off between developmental rates and mean growth rates exists in species breeding in ephemeral ponds, while several species breeding in permanent ponds seem able to compensate accelerated developmental rates and reach metamorphosis at a relatively constant body mass. These contrasting responses of *Low* and *High risk* species fit well with the expected scenarios proposed in [Figure 1b and c](#fig01){ref-type="fig"}, respectively.

![Plastic responses to pond desiccation. (a) Development during drying conditions compared to results observed under constant water level conditions that were set to 100% for comparative purposes (see Methods). (b) The association between plasticity in developmental time and plasticity in body mass at metamorphosis and (c) between plasticity in developmental time and plasticity in mean growth rate (plasticity estimates were calculated as 100 × (*trait~d~*−*trait~c~*)/*trait~c~* where *d* and *c* correspond to drying and constant conditions, respectively). Results of phylogenetic regressions for species breeding in ephemeral ponds (*High risk*) and permanent ponds (*Low risk*) are shown with dashed and solid lines, respectively. The interaction between developmental time plasticity × desiccation risk was significant in analyses of mass and growth plasticity (*P* \< 0.0027 in both models), indicating that species from *High risk* and *Low risk* employ different strategies to accelerate their development.](ece30001-0015-f4){#fig04}

Evolutionary shifts and their association with plasticity
---------------------------------------------------------

Does the variation in mean estimates measured under constant conditions correlate with plasticity estimates? Phylogenetic generalized linear models suggest that plastic responses in developmental times are relatively constant across species and independent of the absolute length of the development period (*t*~33~ = −0.62, *P* = 0.54). In other words, the reduction in developmental time due to plasticity is a relative constant fraction of developmental times under constant "optimal" conditions, regardless of whether a species takes 20 d or 170 d to develop. Conversely, the relative reduction in body mass at metamorphosis was significantly higher in larger species (*t*~33~ = −2.86, *P* = 0.007, respectively). Thus, larger tadpoles were able to metamorphose at a substantially lower fraction of their mass under constant conditions.

A similar pattern was observed for plasticity in mean growth rates: species growing on average faster showed larger reductions in mean growth rates when exposed to decreasing water levels. This trend was significant according to a conventional linear model (*t*~58~ = −3.84, *P* = 0.0003), which fits the data substantially better (*AIC* = 537.17 and *AIC~w~* = 0.94) than the phylogenetic model (*AIC* = 543.58 and *AIC*~w~ = 0.06). Interestingly, the magnitude of the plastic response in developmental times was not significantly related to variation in either body mass at metamorphosis (*t*~33~ = −0.26, *P* = 0.796) and mean growth rates (*t*~33~ = 0.17, *P* = 0.866), hence the reduction in developmental times seems to be relatively constant across species regardless of their size at metamorphosis and mean growth rates.

Discussion
==========

To answer the specific issues raised in the introductory section, our results can be succinctly summarized as follows. (1) Species that typically breed in temporary ponds have faster development rates than do species that typically breed in permanent ponds. This evolutionary response is associated with a reduced body size at metamorphosis and lower mean growth rates ([Fig. 3](#fig03){ref-type="fig"}). (2) There were no significant differences in plasticity between species breeding in temporary and permanent ponds. Although several species were plastic and capable of decreasing developmental time when exposed to desiccation, this response was not general across taxa ([Fig. 4a](#fig04){ref-type="fig"} and [Fig. S3](#SD1){ref-type="supplementary-material"}). (3) Correlations between developmental rates, mean growth rates, and body mass at metamorphosis differed dramatically between species breeding in temporary and permanent ponds, suggesting that evolution in developmental rates have resulted in changes at the level of plasticity ([Fig. 4b and c](#fig04){ref-type="fig"}). (4) Species with either longer larval period or larger body sizes at metamorphosis are not able to decrease their developmental period to a larger extent than other species.

Evolutionary shifts and plastic responses
-----------------------------------------

Previous studies have suggested that anuran larvae that exhibit shorter mean developmental times in ephemeral ponds with increased risk of desiccation also show reduced body mass at metamorphosis ([@b13]; [@b57]). Our analyses show that interspecific variation in developmental rates and body mass at metamorphosis are partly explained by differences in desiccation risk during larval development ([Table 1](#tbl1){ref-type="table"}, [Fig. 3](#fig03){ref-type="fig"}). Species breeding in ephemeral ponds enter metamorphosis at a comparatively smaller body size than their counterparts breeding in permanent ponds, which seems to explain the significant difference in developmental period observed between groups. If a critical size is necessary to trigger metamorphosis, as proposed by some theoretical models ([@b62]; [@b11]), this would suggest that *High risk* species have evolved lower threshold sizes to reduce developmental time. [@b31] reported that spadefoot toad species inhabiting ephemeral ponds had the shortest development times and threshold size to enter metamorphosis, and our results suggest that this is a general pattern.

In addition, analyses controlling for differences in developmental rates suggest that species breeding in ephemeral ponds actually grow slower than their counterparts breeding in permanent ponds. This is counterintuitive if one assumes that a critical size is necessary to trigger metamorphosis into the adult form, given that lower overall growth rates would delay metamorphosis and may potentially have a negative impact in fitness ([@b11]). Taken together, developmental differences observed between groups indicate that increased pressures on larval survival in ephemeral ponds may have resulted in accelerated developmental rates at the expense of growth, which is adaptive if the benefits of developing faster and evolving lower threshold sizes are higher than the costs they impinge on growth rates. Importantly, these differences were detected under constant water-level conditions, suggesting that evolutionary responses to increased desiccation risks partly involve an evolutionary shift in mean values toward more accelerated development.

At the level of developmental plasticity, comparisons between species breeding in ephemeral and permanent ponds showed that both groups showed a similar reduction in developmental period in response to drying conditions. However, the nature of plastic responses actually depended on the breeding habitat: whereas species breeding in ephemeral ponds showed pronounced reductions in size at metamorphosis in response to drying conditions, this was generally not observed in species inhabiting permanent ponds ([Fig. 4b](#fig04){ref-type="fig"}). Even though a reduction in mean growth rate may be partly explained by increased stressful conditions when ponds are drying, this should not result in significant differences between species breeding in ephemeral and permanent ponds. Instead, contrasting patterns between groups suggest that species breeding in ephemeral ponds allocate resources preferentially to development rather than growth ([Figs. 1c](#fig01){ref-type="fig"} and [4c](#fig04){ref-type="fig"}; [@b62]; [@b14]; [@b23]).

Evolutionary trade-offs and constraints
---------------------------------------

Development and growth involve two very distinct physiological processes, where the former is essentially associated with cell differentiation while the second is primarily determined by cell proliferation and growth ([@b50]). Although these processes are intrinsically connected, some degree of independence between them must ultimately account for the diversity of developmental strategies observed across anuran species ([Fig. 3](#fig03){ref-type="fig"}), as predicted by [@b62] model. Our analyses are particularly relevant in this context because species under strong selection for faster development during larval stages apparently maximize their developmental rates at the expense of growth, which suggests a trade-off between development and growth ([Fig. 1c](#fig01){ref-type="fig"}). Several lines of evidence support this conclusion. For instance, these species exhibit significantly slower mean growth rates in analyses controlling for differences in developmental rates under constant water-level conditions. In addition, the association between developmental rates and mean growth rates is nearly flat in this group, contrasting with the positive association between these variables observed in species breeding in permanent ponds, as indicated by the nearly significant interaction in the general linear model.

Furthermore, contrasting plastic responses to drying conditions indicate that species breeding in ephemeral ponds cannot increase mean growth rates under stressful conditions, which is expected if mean growth rates under constant water-level conditions are close to a physiological limit. The maximum observed increase in mean growth rates due to plasticity was 6.9% in species from ephemeral ponds and 74.5% in species breeding in permanent ponds. The mean response within the sample that showed an increase in mean growth rates (*n* = 16 cases) provided a similar picture, an average (±SE) increase of 3.6 ± 0.6% in species from ephemeral ponds versus a 29.1 ± 8.3% increase in their counterparts from permanent ponds (*t*~14~ = 3.5, *P* = 0.0036). This provides compelling evidence that anuran species breeding in ephemeral ponds are maximizing mean growth rates and consequently show little plasticity in this trait ([@b32]; [@b42]). Conversely, long-lasting pond breeders can increase mean growth rates under desiccation risks, hence mean growth rates under constant water-level conditions are apparently not being maximized (see also [@b61]; [@b49]; [@b6]). Interestingly, some clades with facultative or obligate carnivory within the families Scaphiopodidae ([@b39]) and Ceratophryidae ([@b10]) breed in ephemeral ponds and have very short larval periods ([@b8]; [@b29]), suggesting that these diet shifts might have resulted from selection on increased mean growth rates.

While most species breeding in ephemeral ponds showed similar responses to drying conditions (a reduction in both mass at metamorphosis and mean growth rate), considerable variation in the nature and the magnitude of plastic responses was observed across species breeding in permanent ponds. Many species did not increase their developmental rates in response to drying conditions, even though some of these species exhibited a reduction in body size at metamorphosis of almost 40% ([Fig. 4b](#fig04){ref-type="fig"}). Conversely, other species showed important reductions in developmental time and were also able to increase mean growth rates as a compensatory response ([Fig. 4c](#fig04){ref-type="fig"}), suggesting that the primary target of selection in these species is body mass at metamorphosis. Importantly, this response was observed in distantly related taxa ([Fig. S3](#SD1){ref-type="supplementary-material"}), which explains why conventional statistics assuming a star phylogeny, provided a better fit in analyses of mean growth rates. Patterns observed in this subset agree with observations carried out in butterflies and damselflies, which exhibit a shortening in developmental period while simultaneously reducing size and accelerating mean growth rates ([@b35]; [@b53]; [@b12]). In summary, our results show that plastic responses are constrained in species with accelerated developmental rates and suggest that they are indeed developing near their maximum physiological capacities. A similar comparative approach may shed light on the generality of this observation across other biological systems in which developmental rates are expected to be under selection.

Phylogenetic effects
--------------------

Absolute limits to performance certainly exist, but this does not account for the interspecific differences observed in developmental strategies. Although differences may be partly due to the stressful physical and biotic conditions of desiccating ponds, our results suggest that an important fraction of the variation can be attributed to phylogenetic history. For example, bufonids in general metamorphose at very small body sizes, whereas the opposite pattern is true for scaphiopodids ([Fig. 2](#fig02){ref-type="fig"}, see also [@b58]). It is possible that contrasting larval sizes reflect differences in fecundity across species, hence more detailed information on maternal investment, egg, and clutch size may shed light on the relevant mechanisms underlying developmental differences between species ([@b57], pp. 494-515). In addition, physiological constraints may differ across taxa (e.g., rudimentary nonfunctional lungs are characteristic of bufonid larvae; [@b55] and references therein).

Understanding which factors ultimately explain these differences is crucial to determine if and how anuran species may respond to increasing risks of desiccation. Even though comparative studies are strictly correlational and may provide limited information on the mechanisms underlying species developmental differences, phylogenetic information can be valuable for predictive purposes, because closely related taxa seem to employ similar developmental strategies and may also potentially share the same physiological limitations.
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